The voltage-current relationship between intrathoracic "dipoles" and body surface locations was examined in anesthetized dogs. Controlled currents were applied at body surface points, and potentials were recorded at the intrathoracic dipoles. A technique of fastening the electrodes to a cast made on. the animal's torso permitted exact measurement of the torso and electrode geometry. The potentials recorded in the animal were compared with (1) an infinite-medium simulation performed on a digital computer, (2) a boundedmedium simulation performed in the plaster cast of each torso studied, and (3) a simulation involving a torso model containing heart and lungs. The correlation between recorded and simulated potentials was fair for the infinite-medium simulation, improved by the boundary, and further improved by the addition of inhomogeneity. Implications for electrocardiography are discussed,
KEY WORDS transfer impedance volume conduction intrathoracic dipoles recorded and simulated potentials • Conventional volume conductor theory (1, 2) deals with potentials generated by dipoles or collections of dipoles in infinite homogeneous media. Some consideration has been devoted to potentials produced by dipoles in bounded media. Usually these have concerned relatively simple bounded shapes such as spheres, cylinders, and ellipsoids (3, 4) , often with fairly centric dipolar generators. In 1964, Gelernter and Swihart (5) presented a theory and a resulting set of equations with which the effects of current sources within bounded inhomogeneous linear conducting media of any shape or size could be computed. The Gelemter-Swihart formulation makes it feasible to compute electrocar-diograms generated by a known pathway of depolarization within the heart. Similar proposals were later made by Barr et al. (6) and by Barnard et al. (7, 8) . In several laboratories, analog and digital simulations have been performed (6, (9) (10) (11) which generated body surface electrocardiograms from patterns of ventricular activation. Many of these simulations employed the Gelernter-Swihart and other aforementioned formulations and, in general, used synthetic data (i.e., data derived from other studies) or hypothetical data about excitation or geometry or both. There are few cases, if any, in which the exact effect of the body surface boundary or of tissue inhomogeneity on the electrocardiogram has been rigorously taken into account. Several simulation studies ignore the possible effects of inhomogeneity or indicate the belief that it is of relatively minor importance (9, 10, 12) . In other studies, effects of tissue inhomogeneity have been examined (13) (14) (15) , and it appears that in some studies there are important 601 effects on the electrocardiogram. Generally, each study deals with only one aspect of tissue inhomogeneity. In the attempts to theoretically devise systems of electrocardiographic or vectorcardiographic recording (16, 17) , consideration is often directed to the body surface boundary and to the proximity of the heart to various boundaries, but this consideration is rarely quantitative; the problem of inhomogeneity is rarely considered.
Our studies were designed to assess the effect of the torso boundary and of the inhomogeneity of the thoracic contents on the electrocardiogram. This was done by examining the relationship between imposed body surface currents and intrathoracic recording "dipoles" in intact animals under a variety of conditions.
Methods
Complete studies were conducted on five mongrel dogs weighing 15-25 kg. One of these dogs was studied on three separate occasions. Partial studies were previously completed on nine other dogs. The animals were anesthetized, and a tight plastic or plaster cast was constructed around the thorax from the neck to the bottom of the ribs. When the cast had hardened, four large needle electrodes, insulated except at the tips, were driven through the cast into a region directly surrounding the heart. Electrodes usually lay within 2 cm of the epicardium but did not penetrate the pericardium. The four electrodes were placed so that they defined a threedimensional space. Usually the electrodes were near the lateral right and left walls; at times one electrode was near the apex of the heart. The insertion of these electrodes did not alter the normal electrocardiogram, and the procedure did not interfere with the normal inflation of the lungs or produce pneumothorax.
A second set of electrodes was fixed to the cast so that they made contact with the body surface at numerous locations primarily on the anterior and lateral thorax; more were on the left side of the thorax than on the right. Usually the number of body surface electrodes totaled between 24 and 50. All electrodes were rigidly fixed to the cast by the plaster or with epoxy cement and could be removed and replaced at exactly the same location and depth. When all electrodes were in place, biplane x-rays were taken to define their positions with respect to thoracic landmarks, the heart, and aorta. During the early period of cast application, while the cast was thin, the heart Circul*iio» Rnurcb, Vol. XXIX, Dectmitr 1971 could be visualized by x-rays penetrating the cast.
Both plaster and acrylic have advantages and disadvantages as cast material. Plaster is a good conductor of electricity while wet; therefore some time must elapse between application of a plaster cast and performance of the experiment, or the needles and plaster must be completely insulated from each other. Acrylic is a nonconductor and hardens more rapidly than plaster; but it generates a good deal of heat as it sets, and therefore it must be applied in small sections and cooled as it is setting. Furthermore, it is more difficult to rigidly fix the electrodes to an acrylic cast.
EXPERIMENTS TO DETERMINE THE CURRENT-VOLTAGE RELATIONSHIP
It was not possible to apply the appropriate current to the electrodes near the heart (this would have fibrillated the heart) and record the resulting voltages from the body surface recording points. We therefore took advantage of the reciprocity theorem of Helmholtz: we energized the body surface electrodes and recorded potentials on the electrodes around the heart. One position on the body surface was used as a reference and connected to one side of an isolated 400-cycle square-wave source used as a current input. The other side of this input was moved around to various surface electrodes. The resultant voltages at pairs of recording electrodes near the heart were led into a 400-cycle phasesensitive demodulator amplifier (Offner 481) which was phased to the 400-cycle square-wave input. The electronics are similar to some described for an electromagnetic flowmeter (18) . The current in the input (body surface) electrodes was mom'tored by recording the voltage across a small resistor in series with the drive, and the output voltage was recorded for all pairs of electrodes. The recorder transformed the inphase component of the 400-cycle square wave picked up at the heart into a proportionate pen deflection. A drawing of the apparatus is shown in Figure 1 . When current (5-50 ma) had been applied to all body surface points and the potential had been recorded at all the intrathoracic electrodes (0-5 mv), the depth of the intrathoracic electrodes was marked and the electrodes were removed from their tracks. The procedures were not fatal, and one animal was studied on several occasions. Usually the animal was sacrificed on the day of the experiment.
The cast was then split into two pieces and removed from the animal. At a later time, the cast was cemented back together, and the electrodes were then reinserted to exactly the same depth. The positions of the electrodes were checked -with a second set of x-rays of the cast. The position of Current was applied between input electrodes (i.e.) at the body surface. The resultant voltages were recorded at intrathoracic output electrodes (i.o.e.) within the thorax close to the heart. A phase-sensitive demodulator was used to determine the input current and the output voltage.
each electrode was then measured with respect to its distance from a reference electrode, and all such distances were transformed into rectangular coordinates. This was done by several methods involving both direct measurement of tip positions and measurements from the biplane x-rays. The reproducibility of the electrode position computed from the two sets of x-rays was within ± 5 mm. Since there were four intrathoracic electrodes, each was used in six sets of bipolar voltage measurements. In the same way that two electrocardiographic bipolar leads can be used to construct a third, two such bipolar leads can be used to check the accuracy of a third:
where A, B, . . ., etc. are voltages at intrathoracic electrodes. Before any measurement was used, it was subjected to this test for internal consistency.
Through this procedure, leads were discarded where loose connections, common-mode signals, or other sources of error might have produced poor data.
COMPUTATION OF POTENTIALS PROPORTIONAL TO THOSE IN AN INFINITE MEDIUM
Knowing the geometry of all input and output points, a set of numbers proportional to the infinite-medium potentials was calculated by:
where r 1 is the distance from the point current source on the chest to recording electrode A near the heart, r 2 is the distance between the reference point current source on the leg of the dog and the recording electrode near the heart, and V A is thus proportional to the infinite-medium potential at the recording electrode near the heart. The potential difference between the four recording electrodes was computed by subtracting the potentials between different pairs of electrodes.
DETERMINATION OF VOLTAGE-CURRENT RATIOS IN THE BOUNDED MEDIUM
For this part of the study, the cast of the thorax was capped at the bottom and made waterproof. (This is far easier for acrylic casts than for plaster. For the acrylic casts, all holes were filled using a seaJer material applied with a hot-glue gun; in the case of the plaster cast, the inner surface was painted with a variety of epoxy and polyester paints.) The experiment was then repeated with all electrodes in their proper positions after the thoracic model had been filled with saline (usually isotonic).
EFFECTS OF LUNG AND HEART
For the inhomogeneity study, the experiment was repeated after a freshly excised heart and lungs (inflated by a constant pressure pump) had been placed within the thoracic model and positioned anatomically as accurately as possible. The model was then filled with a solution of onethird isotonic sodium chloride (specific resistivity at 35°C, 133 ohm cm; at 40°C, 126 ohm cm); Vol. XXIX, D,c-tmbir 1971 the conductivity of the solution approached that of plasma (19, 20) .
STUDIES OF LIVE VS. DEAD DOGS
In one case, the experiment was repeated 5 hours after the dog had died. In this dog, the basic experiment had been repeated several times while the animal was under anesthesia. Figures 2-9 show the voltage-current ratios over a large section of the anterior and lateral chest wall for a set of intrathoracic pickup electrodes in each of two animals for the control experiment recorded on the animal (Figs. 2 and 6) , the infinite-medium computation ( Figs. 3 and 7) , the bounded-medium (cast) simulation ( Figs. 4 and 8) , the bounded inhomogeneous (cast) simulation
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Right
FIGURE 3
Voltages predicted from an infinite-medium simulation for the electrodes and body surface recording points shoton in Figure 2 . Note that the zero line has moved and that the contour lines are changed. There it a constant voltage ridge in the lower left corner. There is a correlation of 0.82 between these potentials and those recorded in the animal. "ridge" or "plateau" over the left center of tho thorax which is not present in the intact animal, and the contour lines are more curved.
In the experiment performed with the cast (bounded-medium simulation), the zero line is also displaced somewhat (Fig. 4) , although not as much as in the infinite-medium simulation (Fig. 3) , and there is less of a ridge on the central left chest. With the addition of inhomogeneity plus boundary effects, (Fig. 5 ), the potentials are much closer to those found in the animal and shown in Figure 2 . The degree of similarity can be judged by looking at the correlation coefficients on Figures 3-5.
In Figure 6 , the potentials recorded on the chest wall of another animal are oriented differently. Whereas in Figure 2 the line .47
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FIGURE 4
The potentials recorded in a bounded medium (cast) for the electrodes and body surface recording points shown in Figure 2 . With the addition of the boundary, the correlation is improved, there is less of a ridge in the lower left corner, and the contours in general are gentler.
i.e., with lungs and heart in the cast of the thorax (Figs. 5 and 9).
In one animal, the line of zero potential runs roughly from the right arm downward and leftward on the thorax and then reverses and runs toward the left arm (Fig. 2) . Isopotential lines run roughly parallel to it. There is a smooth decline from the positive and negative peaks to the zero line. In the infinite-medium simulation for this animal, the zero line is displaced towards the foot, particularly in the center of the chest, and the ratio lines tend to run closer together in the region where potentials are negative ( Fig. 3 ). (Note that we show as many gradations of voltage in Figure 3 as in Figure 2 .) Also, the distance between the maxima is less tlian in Figure 2 , which of course steepens the gradient between them. There is a positive r-.»4 .98
•9 FIGURE 5
Potentials recorded in a bounded medium with the addition of heart and lungs for the electrodes and body surface recording points shown in Figure 2 . Note the increased resemblance to Figure 2 . the correlation (0.94) is quite high. Voltage-current relationship between intrathcracic dipoles (the positions marked by black dots) and body surface recording points. Infinite-medium simulation for the same electrodes and body surface recording points in Figure 6 . Note the high ridges that appear in both the positive and negative halves of the field. connecting the maxima ran from upper left to lower right, in Figure 6 the line runs from upper right to lower right. Again, the lines curve slowly and potentials change gradually. In Figure 7 , the infinite-medium potentials for this animal show closer isopotential lines describing more complicated curves. There are ridges (plateaus) in both the positive and negative portions of the field. Figure 8 , from the bounded-medium simulation (cast), is more like Figure 6 than Figure 7 is. In the bounded medium, the isopotential lines arc not so close together, the contour lines tend to run more across the body, and the ridge is not so steep. In Figure 9 , inhomogeneity has been added to the bounded-medium model. The potentials are closer to the potentials recorded in the animal, tending to run much more horizontally, and the isopotential lines are not as close to one another as RigV
•?• FIGURE 8
Bounded-medium (cast) simulation jor the same electrodes and body surface recording points in Figure 6 . Note that the ridges are smaller, and the correlation is higher.
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SCHER, OHM, KERRICK, LEWIS, YOUNG FIGURE 9
Simulation employing a cast and the heart and lungs to produce inhomogeneity for the same electrodes and recording sites as in Figure 6 . Note the closer resemblance to Figure 6 , the gentle contours, and the higher correlation.
they are in Figures 7 and 8 . There is no ridge (plateau) in the negative portion of the field, and the ridge is less marked in the positive portion.
The general similarity of the field plots is apparent; it is also apparent that the boundedmedium plot improves on the infinite-medium plot and that the addition of the heart and lungs improves on the infinite-medium and bounded-medium solutions.
To compare such plots quantitatively, we computed the correlation coefficients between the plots under the various conditions. Such coefficients are shown in Table 1 . The correlation of the infinite-medium potentials with those recorded from the animal reached about 0.70-0.80. This correlation was significantly and almost universally improved in the bounded-medium experiment, in which average correlation coefficients were about 0.85-0.90. Experiments in which we placed heart and lungs inside the cast led to a further improvement; in general the correlation was greater than 0.9, and in one case it was 0.96. This procedure did not always improve the fit, as shown in Table 1 . The comparison of the measured potentials on the live and dead dog showed no real difference, the correlation between these measurements ran between 0.97 and 0.99.
Discussion
These experiments indicate, without doubt, the importance of the bounded nature of the torso in the determination of the amplitude and shape of electrocardiographic potentials. Furthermore, we found important effects of tissue inhomogeneity. These results differ from those of Boineau et al. (12) who found agreement in "overall potential distribution, relative nondipolarity and relative gradients" between isopotential maps recorded from a dog and simulated infinite-medium potentials. Note that Boineau et al. computed infinitemedium potentials-"the signals recorded Vol. XXIX, D,c.mb,r 1971 ECG AND THORACIC CONDUCTIVITY 607 from the torso immersed in a medium with a conductivity approximating that of the subject." Their computation thus attempts to compensate for the boundary hut not for internal inhomogeneity. Our results are also in potential disagreement with Selvester et al. (10) who found no change in body surface potentials simulated from a 20-dipole model of the heart when the effects of lungs were included in the model. It is possible that if one considers potentials over a limited area, the boundary would attenuate these somewhat uniformly without changing their shape. Correlations on the order of 0.75, which we find between our measurements and infinite-medium calculations, are considered high in some statistical studies. However, we are dealing with a determinate system, and a correlation of 0.707 indicates that the error vector is as large as the prediction vector (correlation coefficient). This is represented on Figures 2-9 where we have indicated the magnitude of the prediction and error variables. On the other hand, qualitative fits would not be outlandish if the boundary were eliminated, and it does not appear that the direction of activity, as judged in present electrocardiographic recording, would be grossly altered by the boundary. However, if a prediction of electrocardiographic potentials is to be made from a knowledge of intracardiac depolarization or repolarization boundaries, the boundary and inhomogeneity effects should be taken into consideration.
Further, although predictions such as ours can be greatly improved by including inhomogeneities, there is still a sizable error vector. In our experiments, the addition of heart and lungs to the torso model improved the fit, but still did not make it perfect. Of course, the only inhomogeneities simulated were the heart and lungs. We did not simulate the thorax shell (bones, muscle, etc.), which has been show to affect electrocardiographic potentials (15) , nor did we have the exact and proper arrangement of muscle and lungs, etc. In one case, when the potentials for the inhomogeneous bounded model were read by a procedure involving a digital computer and OrcmUtion Rtsurcb, Vol. XXIX, Dtctmbtr 1971 compared with those from other experiments where values were read from a pen recorder, the fit was not improved much by the inclusion of heart and lungs. This may be a result of differences in the techniques of reading the potentials. In other cases where the addition of heart and lungs did not improve the fit, we must guess that we had not accurately duplicated the normal geometry.
A potential source of error in this simulation with inhomogeneity (and in attempts to use similar procedures for forward or inverse electrocardiographic simulation) lies in the fact that exact values, or at least ratios of conductivity (and of location of the heart and lungs), must be known. If the conductivity of the fluid used for the bounded simulation had been changed, the only effect would have been a change in amplitude of potentials. By proper gain change, the same field plot could have been produced with a variety of salt solutions. Obviously, this is not the case if the conductivity of one of the tissues in the chest is changed while the others are not.
Our intrathoracic electrodes define a threedimensional space and in a sense stand for intracardiac waves of depolarization or repolarization moving in all possible directions. We assume that any conclusions regarding these dipoles apply to dipolar sheets seen in the heart in situ during depolarization and repolarization. We know the position of the generators and recording electrodes, and we have duplicated the geometry and conductivity as accurately as we could. Any errors we make in predicting body surface potentials should be of about the same magnitude as, and probably smaller than, those we would make in attempting to predict body surface potentials from known pathways of depolarization (plus geometry, conductivity, etc.). Any such errors should be the same as, or probably smaller than, errors in attempts to predict the state of the heart from body surface potentials. This latter prediction would constitute an attempt to solve the inverse problem which, from physical principles, does not have a unique solution. Using our errors for the forward simulation, we might expect errors of 30-40$ as a minimum in attempts to predict the location or size, or both, of an infarct. Most electrocardiographers would feel that such an error is tolerable.
Another factor is also important. This is the tendency of both the body surface boundary and the inhomogeneity to remove the irregularity from our voltage-current ratio lines and generally to smear detail on our body surface maps. This lack of detail seems to us to mean that small differences in cardiac condition (whether changes from heart to heart or changes in time in a heart in an infinite medium) will tend to shade into one another. The torso boundary and inhomogeneity remove details that would be seen in an infinite homogeneous medium.
In any case, these results indicate that any attempts to predict electrocardiographic potentials from a knowledge of intracardiac events, or to mathematically solve the inverse problem and predict cardiac events quantitatively from electrocardiograms, will require very exact knowledge of the location of boundaries within the heart, the position of recording electrodes, torso configuration, and the position of heart and lungs.
These results were, as indicated, obtained on dogs. It is likely that the difference in shape of the human torso would change the field plots, etc. However, it seems likely that the torso boundary and inhomogeneity are important in determining the shapes of electrocardiographic complexes in man also. Although the plots of current-voltage ratio appear improved to the eye by both boundary and inhomogeneity, statistical t-tests of significance for correlation coefficients do not show clear differences between correlation coefficients except where there is a large improvement (21) . (The differences between the infinite-medium and the bounded homogeneous simulation are significant at the 5% level in A 3 and B 2 of Table 1 , and between the infinite and inhomogeneous simulation in A 3 and B u B 2 and B 3 .) This lack of demonstrable significant difference largely reflects the limited number of recording points used. However, in all cases the field plot is visually improved the more realistic the simulation. electrical field muscle. Heart
